The early microscopical observations of Rabinowitsch and Kempner1 in 1899 established the fact that Trypanosoma lewisi reproduce in the blood of rats only during the first few days of the infection and remain thereafter in the blood for several weeks or months as nonreproducing adults.2 In 1924, Taliaferro3 demonstrated that this behavior is brought about by the development in the rat of a passively transferable serum component which specifically inhibits mitosis and growth of the parasites without detectable effects on their vitality or infectivity. Later, he named the serum component ablastin and showed that it is a globulin and possesses the other general characteristics of an antibody except that it is not adsorbed from immune serum by living parasites.4 The characteristic of nonadsorbability may be the result of an unsatisfactory antigen preparation and/or a very low avidity, i.e., a low antigen-binding capacity.5 It has proved to be very useful for separating ablastin from the trypanocidal factors in serum.
Using the term trypanocidal to include all serum elements which when injected into infected rats decrease the number of circulating parasites, Coventry6 described a trypanocidal antibody that kills the parasites early in the infection and gives rise to the first parasite crisis and a second trypanocidal antibody that acts on the surviving parasites to terminate the infection. The second antibody can be irregularly associated with a trypanolysin.4 Augustine7 found that the early trypanocidal antibody acted chiefly on the dividing parasites by immobilizing them and making them susceptible to phagocytosis. This antibody (or a second one), at high titer, agglutinated the adult parasites and thus facilitated their mechanical removal and destruction by the liver and probably the spleen. Barnes8 described a functional agglutinin as well as ablastin and a trypanolysin. At times parasites disappear gradually.9 Recently, D'Alesandro'0 found that the early trypanocidal antibody and ablastin are of relatively small molecular size with a sedimentation constant of 6 Svedbergs, whereas the late trypanocidal antibody is a larger molecule with a sedimentation constant of 16 Svedbergs. All localize between the slow-moving beta globulins and the fast-moving gamma globulins during starch block electrophoresis.
Several other interpretations have been advanced to explain the exact mechanism by which the parasites are destroyed. Thus, Regendanz and Kikuth" associated the disappearance of trypanosomes from the blood with nonspecific phagocytosis after ablastin had inhibited reproduction. Thillet and Chandler'2 postulated that ablastin inhibits reproduction when low in titer and agglutinates and renders the trypanosomes more susceptible to phagocytosis in high concentrations.
Thillet and Chandler'2 also reported that ablastin can be adsorbed with metabolic products, i.e., soluble antigens which diffuse from the trypanosomes when they are incubated in serum overnight. We do not question the possibility of finding experimental conditions under which ablastin can be adsorbed. Nevertheless, we cannot accept their conclusion since no direct evidence of adsorption was reported. They prepared an immune serum with protective activity which they assumed, but did not demonstrate, to possess ablastic activity. Thus, low doses of this serum gave no evidence of ablastic activity and high doses were so trypanocidal that according to their own statement the parasites were killed before ablastic action could be seen. Furthermore, Taliaferro4 and D'Alesandroll found that absorbing immune serum with living parasites does not lower the ablastic titer, but selectively removes all factors which reduce the number of parasites in vivo whether by killing or by temporarily removing them from the peripheral blood.
Ablastin-induced inhibition of reproduction causes the rapid disappearance of division in the nucleus as well as the duplication of other organelles and the gradual disappearance of variability associated with division and growth. Thus, an inhibited population frequently shows the remarkably low coefficient of variation for total length (including the free flagellum) of about 3 per cent.'3 In blood smears stained with Romanowsky stains, the cytoplasm of dividing parasites is markedly basophilic, while that of inhibited forms is much more eosinophilic. This finding suggests an inhibition of nucleic acid and protein synthesis.
The present work is a study of nucleic acid and protein synthesis as modified by ablastin. Biochemically, it is an extension of work by Moulder'4 showing that changes in the glucose metabolism of T. leuisi can be correlated with the inhibition of reproduction by ablastin during the course of infection. He found that dividing parasites consume less oxygen but utilize more glucose per parasite than adults and that their respiratory quotient and the ratio of oxygen consumption to glucose consumption are lower than in adults. He suggested that ablastin shifts the metabolism of the parasites from an active oxidative assimilation to one of maintenance. These findings have been confirmed by later workers.'5 Materials and Methods.-Materials and methods employed in the present study are considered in greater detail elsewhere. '6 All infections were produced in Holzman female rats with a strain of T. lewisi that has been maintained by rat passages many years and is the same one used by Moulder.'7 Organisms can be found in blood smears made within an hour after the intraperitoneal injection of a large number of parasites. The relative amount of reproduction and growth can be determined by the per cent of division forms, i.e., parasites showing evidences of division in the cell organelles plus the small and large forms associated with division.'8 Reproduction is very active during the first three days when rats are injected with dividing parasites, but may be initially delayed up to a day when started with adult parasites. Division forms are rarely observed after day 5 and never after day 7 in the infections used in the present work (Figs. 1, 2, and 4). Released T. lewisi refer to adult trypanosomes which after having been taken from a rat infected 6 or more days had been washed free of ablastic serum and had been injected 3 hours previously into an uninfected rat.
The S35-amino acids (chiefly methionine with small amounts of cystine) consisted of an acid hydrolysate of yeast to which tryptophane was added in approximately the amount lost by acid hydrolysis. It was prepared by Abbott Laboratories. Adenine-8-C'4 was prepared by the Schwartz Laboratories and the NuclearChicago Corporation. With few exceptions both compounds were given intraperitoneally in doses of 0.01 mc per 100 gm rat.
The basic medium for various manipulations of the trypanosomes in vitro was a calcium-free phosphate-saline solution (pH 7.4-7.6) containing 0.01 M glucose and 2 per cent bovine serum albumin as described by Moulder.'7 Trypanosomes were obtained by drawing blood from the heart of an infected anesthetized rat into a syringe containing 1 ml of 10 per cent sodium citrate. The citrated blood was mixed with equal amounts of cold phosphate saline containing rabbit antirat hemagglutinin.'7 The hemagglutinin not only aided in separating the trypanosomes from the red cells by differential centrifugation but also precipitated platelets and probably other sources of nonspecific radioactivity.
The trypanosomes were then prepared for radioassay as follows. The parasite suspension was mixed with an equal amount of freshly prepared cold 20 per cent trichloroacetic acid (TCA) plus 0.2 per cent of the carrier compound corresponding to the particular compound used (methionine and cystine or adenine). After 10 minutes on ice, the resulting precipitate was separated from the supernatant fluid by centrifugation in the cold. This procedure was repeated twice and, finally, the TCA precipitate was dissolved in 0.04 N NaOH for plating and counting on dried oxidized copper planchets (area of 10 cm2).
Although all counts shown in the figures and tables were made on the combined protein and nucleic acid fraction precipitated by cold TCA, we consider S" from labeled amino acids to be solely in the proteins and C'4 from labeled adenine to be solely in the nucleic acids. This division was made on the basis of extracting the nucleic acids from some of the cold-TCA precipitates with hot TCA according to the method of Schneider.19 This method demonstrated that S" was in the fraction insoluble in both cold and hot TCA, i.e., the proteins, whereas C'4 was in the cold-TCA insoluble and hot-TCA soluble fraction, i.e., the nucleic acids. '6 All specific radioactivity is expressed in counts (cpm) per minute per million parasites suitably corrected for size on day 1 and 2 when the infections were initiated with dividing parasites and on day 2 when they were initiated with adult organisms.'6 Specific radioactivity was related to jAg protein N by the regression equation:
cpm per 1Ag protein N = 84.7 + 2.2 X cpm per 106 trypanosomes.
Radioassays were made in a gas flow internal Geiger counter (model 200A, Packard Co.). When necessary, corrections were made for resolving time, self absorption, and, with the S5" preparations, for decay. Background counts were approximately 40 counts per minute. In most cases, the total count for individual preparations was over 20,000 with a relative standard error of the difference < 0.01.
Experimental Results.-Protein synthesis: The effect of ablastin on protein synthesis was studied by using S" in the following 4 ways. (1) Rats were given one or repeated injections of S15-amino acids on various days throughout developing infections and were killed 2 or 3 hours after various doses of the isotope to obtain trypanosomes for radioassay. Comparison of the rate of incorporation of S5 with the per cent of division forms among the parasites would thus indicate the effectiveness of ablastin as it is formed naturally by the host in response to the infection. (2) Rats with 3-day and with 8-to 22-day infections were injected with S35 and were killed from 15 minutes to 48 hours later to obtain samples of trypanosomes for radioassay to ascertain the difference in protein synthesis in dividing trypanosomes and in adults inhibited by ablastin. (3) The incorporation of S5" into protein by trypanosomes obtained from rats at different stages of the infection was studied in in vitro preparations. (4) Ablastin was passively transferred to rats 1 day after infection with dividing trypanosomes and 2 days before injection of S35 to study protein synthesis in relation to the action of passively transferred ablastin on dividing T. lewisi. Figure 1 shows the changes in the rate of incorporation of S5" into protein from amino acids as the infection progressed for 19 days and as reproduction of the trypanosomes was being inhibited. One injection of the S35 amino acids was given at various intervals during the infection to groups of rats, and the rats were killed 2 or 3 hours later to obtain trypanosomes for radioassay. The highest rate of incorporation (198 cpm) occurred in the released trypanosomes from 3-hour infections in 3 rats given isotope 3 hours before. The parasites were removed from 8-day infections and were washed once to remove the donor rat's immune serum. They were then injected into the 3 experimental rats just before the latter received 0.01 mc S"-amino acids per 100 gm. and were removed from the experimental rats for radioassay 3 hours later. Morphologically, the trypanosomes were adults except Day of infection on which r-at received 0. -Changes in the rate of incorporation of $3 into protein from S35-amino acids as compared to the rise and fall of reproduction (per cent division forms) among the trypanosomes during and after the administration of multiple doses of 0.01 mc S'M per 100 gm rat to 39 rats. During the period that the isotope was being given, trypanosomes for radioassay were obtained 3 hours after a given dose. Each point is a mean obtaned from 2 to 6 similarly treated infections. mean observations on day 10 . These values represent an inhibition of 74 and 52 per cent, respectively, for the assays made 2 and 3 hours, respectively, after administration of the isotope. It should be noted in calculating these percentages that the actual reading of 58 4 5 was used for the 3-day 2-hour mean because VOL. 46, 1960 MICROBIOLOGY: VALIAFERRO AND PIZZI 73. it was based on 22 determinations. The 3-day 2-hour fitted value from the graph (34 cpm) would result in an inhibition of 56 per cent. After day 10, the rate continued to decrease slowly until on day 19, the 2-hour value of 7 cpm represented an 88 per cent inhibition. That synthesis decreased slowly is indicated by the fact that the differences in incorporation for day 8 and day 19 showed a probability of 0.05.
The rapid protein synthesis by morphologically appearing adults, which have been released from ablastin inhibition a few hours previously, is further corroborated by the very rapid loss of radioactivity in S35-labeled adult trypanosomes after transfer to a normal rat which received no isotope. Under these conditions, the radioactivity disappeared very rapidly for about 4 hours and then disappeared more slowly with a half disappearance time of 7.2 hours.
A study was then made of multiple injections of S35 in 14 rats during 15 days after the injection of adult trypanosomes from 8-day infections. The first dose of 0.01 me of S35 was injected immediately after the trypanosomes were injected. This dose was followed by similar amounts injected twice daily at 8:30 A.M. and 4:30 P.M. until a total of 0.11 mC S35 had been administered. Trypanosomes were obtained for radioassay daily 3 hours after the morning injection. The data are shown in Figure 2 .4~~~~~~~~~~Ẽ
. because of the increased dosage and recycling of S35-amino acids. After administration of the isotope was stopped at 5 days, the parasites, which by this time were adults, lost radioactivity at an apparent half life of about 3.1 days. The relative rate of incorporation of amino acids into proteins was then compared in dividing and in adult, i.e., ablastin-inhibited, trypanosomes. For this series of experiments, a single dose of 0.01 mc S35 per 100 gm. rat was given (1) to rats with 3-day infections in which the parasites were still undergoing division and growth (20 per cent division forms as noted in Figure 1 ) and (2) to rats with 6-to 12-day infections in which there was no microscopic evidence of division or growth. Trypanosomes for radioassay were obtained from these rats at various intervals from 20 minutes to 48 hours after the injection of S35. The results are plotted in Figure 3 . The dividing parasites incorporated S35 into their protein fraction at a rapid and uniform rate for 2 hours. At this time, a peak of 58 i 5 cpm was reached. In contrast, adults incorporated the isotope at a less rapid and decreasing rate for 4 hours. The peak was also lower, i.e., 28 4 2 cpm. The rapid loss of specific radioactivity between 2 and 4 hours in the dividing parasites was undoubtedly in part a dilution effect arising from the fact that the S35 incorporated during the preceding 2-hour period was being rapidly distributed to an increasing amount of trypanosome protein as the population increased. During the succeeding 44 hours between hours 4 and 48, radioactivity was lost faster by 24 per cent in the dividing forms (t'/2 = 22 hours) than in the adults (t1/2 = 29 hours). The lower rate of protein synthesis in adults raises the question as to why the dividing parasites did not lose their radioactivity from 4 hours on at a much faster rate than the adults. We believe that the dividing forms were rapidly becoming adult. Thus, the trypanosomes which were dividing when the isotope was administered on day 3 were largely adult by day 4. In vitro determinations corroborated the in vivo findings on the incorporation of S35. Thus, as shown in Table 1 , a count of 98 cpm was reached for 3-day parasites after a 1-hour incubation with 0.0001 me S35-labeled amino acids. This count decreased by 74 per cent for 4-day parasites and by 79 per cent for 8-day parasites. The marked inhibition at 4 days is consistent with the results shown in Figure 1 . Similar results were obtained with 0.001 me S35 and a 2-hour incubation, but the inhibition was less. Longer in vitro intervals were not tested because from 10 to 20 per cent of the parasites were obviously damaged at 2 hours.
Nucleic acid synthesis: Changes in the rate of nucleic acid synthesis were followed by injecting rats, infected from 1 to 22 days, with 0.01 me adenine-8-C14 and by ascertaining the incorporation of Cl4 into the nucleic acid fraction of tryp-anosomes 1 or 2 hours later. The data are illustrated in Figure 4 . These experiments were carried out in a manner similar to the experiments with S35-amino acids illustrated in Figure 1 including the initiation of infections with adult parasites. Unfortunately, no observations were made at 3 hours. On day 2, parasites which were obtained for radioassay 1 hour after giving C14 showed an incorporation of 392 cpm. On day 3, the 1-and 2-hour readings were 353 and 236 cpm, respectively. By day 12, these values had dropped to about 15 cpm. Thus, the values on day 12 as compared to those on day 3 represented an inhibition of 96 and 97 per cent, respectively. In neither series were the differences after day 10 statistically significant as represented by the straight lines in . Figure 4 . For this reason, we considered that nucleic acid synthesis was essentially inhibited by the 10th day. This conclusion is in sharp contrast to the continuing though low and decreasing synthesis of protein from day 10 through day 19.
The effect of passively transferred ablastin: Throughout the present work, we have assumed that the eventual inhibition of growth and reproduction and the associated inhibition of nucleic acid and protein synthesis in ordinary infections of the rat with T. lewisi are effected by ablastin. That this is true is shown by t All rats were infected with 3-day dividing trypanosomes on day 0. The passively immunized rats received ablastic serum on day 1. All rats received 0.01 mc of the isotope on day 3 and were killed 2 hours later to obtain trypanosomes for radioassay.
* The number of rats in each group is given in parenthesis.
initiating infections with 3-day trypanosomes and treating them 1 day later with serum containing ablastin. Three-day trypanosomes were selected for two reasons: (1) They were as far removed as practical from the spontaneous decrease in rate found in adults shortly after injection into nonimmune rats (cf. Fig. 1 ). (2) They were still rapidly dividing (cf. the division forms in Figs. 1, 2, and 4) , but, by the next day, ablastin effects might be evident (Table 1) .
For these experiments, immune serum was collected from rats in which trypanosome reproduction had been inhibited and was adsorbed with living T. lewisi to remove lysins and other possible trypanocidal antibodies. Thirteen experimental rats were then infected with 3-day dividing trypanosomes. One day later, seven of the rats received from 2.4 to 3.5 ml per 100 gm adsorbed ablastic immune serum while 6 controls received no serum. On day 3, four of the passively immunized rats and 4 controls were given 0.01 mc S35-amino acids, and 3 of the passively immunized rats and 2 controls were given 0.01 mc adenine-8-C14. Two hours after giving the isotopically labeled material, the rats were killed to obtain suitable samples of trypanosomes for radioassay. Microscopic examination of the slides made at the time the parasites were prepared for radioassay showed that those from the passively immunized rats had become adults, whereas those from rats which received no immune serum were still dividing and contained from 21 to 32 per cent division forms. Examination of Table 2 indicates that the incorporation of S35 was inhibited by 66 per cent and that of C'4 by 87 per cent in the ablastintreated animals. These marked effects produced within 48 hours by passively transferred ablastin were similar in degree to those obtained in rats which had actively acquired ablastin. Thus, the incorporation of S35 on day 10 was inhibited by 74 and 53 per cent of that on day 3 in the trypanosomes when assayed, respectively, 3 and 2 hours after giving the isotope (Fig. 1) . Similarly, the incorporation of C14 on day 10 was inhibited by 96 and 95 per cent of that on day 3 when assayed, respectively, 1 and 2 hours after giving the isotope (Fig. 4) . Discussion.-A striking finding in the present work is that the highest rate of protein synthesis was observed in adult trypanosomes which had been injected into normal rats 3 hours previously. These parasites still had the morphology of adults although a few were slightly larger. Their release from ablastic action was probably the result of their dissociation from ablastin by a single washing with phosphate saline solution and their resuspension in the ablastin-free normal serum of the recipient rats. This rapid and complete dissociation following a lowering of the concentration of free uncombined antibody indicates a low avidity for ablastin (cf. Talmage20). Augustine2' designated as a lag phase the time between the initiation of an infection with adults and the beginning of growth and division and found that it could last up to 2 days. He also called attention to its similarity to the bacterial lag phase. The present work substantiates his suggestion. Further work is necessary, however, to ascertain whether the increase in size of the released adults is comparable to that found in bacteria. 22 The high metabolic rate of released adults poses a difficulty in estimating the per cent inhibition produced by ablastin. If ablastin formation causes the initial rapid fall in the rate of synthesis in infections with T. lewisi which are started with adult trypanosomes, the unlikely conclusion should follow that ablastin formation starts within 3 hours after the infection is initiated. If, on the other hand, as seems likely, some limiting or regulatory mechanism of the trypanosome causes the initial fall, the question arises: when does ablastin begin to act. The general activity of ablastin is best measured by division and growth of the parasites. It is not active during the first three days of infections initiated with 3-day dividing parasites2' or on the second and third day of infections initiated with adults (Figs. 1, 2, and 4). In the present experiments, slight effects may have appeared by day 3 (Figs. 1 and 2 ), but no marked effect was observed before day 4 (Table 1 and Fig. 2 ). We have, therefore, used the rate of isotope incorporation in the 3-day trypanosomes as the zero point in ascertaining the degree of inhibition produced by ablastin. Using this measure, consistent results were obtained (1) whether the uptake of isotope in vivo was correlated with the disappearance of reproductive activity in the parasites as ablastin formed in ordinary infections or with the action of passively transferred ablastin, and (2) when the uptake of isotope in vitro was correlated with the reproductive activity of the parasites.
The rate of incorporation of S35 into protein and of C14 into nucleic acid synthesis on day 3 gave values of 58 and 236 cpm, respectively, for trypanosomes measured 2 hours after administering the isotope. These values rapidly decreased to about 15 cpm for both on day 10 as ablastin inhibited reproduction and growth of the parasites. By this time, inhibition of nucleic acid synthesis was virtually comn-plete. In contrast, a low but decreasing level of protein synthesis occurred in adult trypanosomes as indicated by the fact that protein synthesis was inhibited by 66 per cent on the 7th day and by 88 per cent on the 19th day. This low grade synthesis is probably a maintenance phenomenon in an actively motile parasite which is neither dividing nor growing. It parallels the maintenance carbohydrate metabolism described by Moulder14 as a result of ablastic inhibition. We have no evidence as to how ablastic inhibition of nucleic acid and protein synthesis is effected. Two possibilities are suggested by other experiments. In a study of the comparative synthesis of nucleic acid among different species of trypanosomes,16 we found that T. lewisi incorporates only small amounts of C'4 into the fraction precipitated by cold TCA from glycine-2-C14. Two hours after administering 0.01 mc of the isotope, the fraction precipitated by cold TCA showed only 18 cpm and no significant part of this was in the nucleic acid portion. This result suggests that the parasite cannot synthesize the purine ring. It is possible that the antibody blocks the absorption of compounds containing the purine ring, especially adenine. The other possibility is that compounds containing the purine ring can be absorbed but that further utilization of the compounds is blocked by a derangement of carbohydrate metabolism. Such a mechanism is suggested by Moulder's14 results indicating that ablastin changed the glucose metabolism from one of assimilation to one of maintenance. This conclusion is further suggested by our results16 that, within 2 hours after the administration of C14-glucose (uniformly labeled), dividing trypanosomes incorporated a small amount of C14 into the fraction precipitated by cold TCA (14 cpm), whereas adults incorporated about half this amount (8 cpm). In both the dividing and the adult parasites, approximately half of the radioactivity was in the nucleic acid portion.
The foregoing results are of especial interest since ablastin probably has the most specific reproduction-inhibiting action of any of the antibodies developed against animal parasites, as discussed in detail by Taliaferro.' It should be emphasized in this connection that ablastin acts in an entirely different way from the fundamentally parasiticidal immune factors which generally dispose of parasites quickly. It should not be confused with parasiticidal activities giving rise to static populations (parasitostasis) in certain protozoan infections in which the parasites remain at a constant level but continue to reproduce-frequently at an uninhibited rate.2
Ablastin may act in a manner similar in some respects to the immune factors in helminth infections that stunt the growth and lower the reproductive capacity of the worms.
Finally, the rat-T. lewisi relationship is often used to illustrate successful parasitism because the parasite does not usually kill its host and the infection persists for a considerable length of time. In this successful parasitism, however, the immune response of the rat limits the metabolic activities of the parasite to such an extent that the parasite can exhibit its full synthetic abilities only for a few days or even hours in each rat host.
Summary and Conclusions.-The rate of protein synthesis in infections started with adult Trypanosoma lewisi was highest, during the course of infection, within a few hours after washed ablastin-inhibited parasites were placed in ablastin-free rats (Fig. 1) . It decreased rapidly during the first 3 days of the infection before the appearance of appreciable amounts of ablastin. The same is probably true for nucleic acid synthesis although our earliest observations were only made at 2 days (Fig. 4) . The rates of nucleic acid and protein synthesis observed on day 3, when trypanosomes were rapidly dividing, markedly decreased thereafter as ablastin was formed. Thus, on the 10th day of the infection, nucleic acid synthesis had virtually stopped and protein synthesis was inhibited by more than 50 per cent as compared to the 3-day rate. Protein synthesis continued at a low grade for several weeks although at a gradually decreasing rate. These conclusions were reached by injecting rats once with S3°-amino acids or adenine-8-C14 from 0 to 19 or 22 days after infection and killing the rats from one to three hours later to obtain trypanosomes for radioassay. The foregoing conclusions were corroborated by experiments with passively transferred ablastin and by in vitro experiments.
Following a single injection of S35-amino acids into rats with 3-day or with 6-to 12-day infections, the rate of protein incorporation was faster and reached a higher peak in dividing than in adults trypanosomes (Fig. 3) . The loss in radioactivity was also faster, especially at first, in the dividing forms. Radioassay determinations were made from 20 minutes to 48 hours. * 
